Using Hα emission as a tracer of on-going (<16 Myr old) and near-UV emission as a tracer of recent (16-100 Myr old) star formation, we present constraints on the properties of corecollapse supernova progenitors through the association of their explosion sites with star forming regions. Amalgamating previous results with those gained from new data, we present statistics of a large sample of supernovae; 163.5 type II (58 IIP, 13 IIL, 13.5 IIb, 19 IIn and 12 'impostors', plus 48 with no sub-type classification) and 96.5 type Ib/c (39.5 Ib and 52 Ic, plus 5 with no sub-type classification). Using pixel statistics we build distributions of associations of different supernova types with host galaxy star formation. Our main findings and conclusions are: 1) An increasing progenitor mass sequence is observed, implied from an increasing association of supernovae to host galaxy Hα emission. This commences with the type Ia showing the weakest association, followed by the type II, then the Ib, with the Ic showing the strongest correlation to star forming regions. Thus our progenitor mass sequence runs Ia-II-Ib-Ic. 2) Overall the type Ibc supernovae are found to occur nearer to bright HII regions than supernovae of type II. This implies that the former have shorter stellar lifetimes thus arising from more massive progenitor stars. 3) While type IIP supernovae do not closely follow the on-going star formation, they accurately trace the recent formation. This implies that their progenitors arise from stars at the low end of the CC SN mass sequence, consistent with direct detections of progenitors in preexplosion imaging. 4) Similarly the type IIn supernovae trace recent but not the on-going star formation. This implies that, contrary to the general consensus, the majority of these supernovae do not arise from the most massive stars. Results and suggestive constraints are also presented for the less numerous supernovae of types IIL, IIb, and supernova 'impostors'. Finally we present analysis of possible biases in the data, the results of which argue strongly against any selection effects that could explain the relative excess of type Ibc supernovae within bright HII regions. Thus intrinsic progenitor differences in the sense of the mass sequence we propose remain the most plausible explanation of our findings.
INTRODUCTION
Core-collapse (CC) supernovae (SNe) are the explosive fate of massive (>8-10 M⊙) stars. This occurs after successive stages of nuclear fusion lead to the formation of a degenerate iron core. Nuclear fusion is then energetically unfavorable and continued energy losses accelerate the collapse of the core. The bounce of this collapse once nuclear densities are reached, and its subsequent interaction with still infalling material aided by copious neutrino fluxes, is thought to produce a shock wave that expels the star's envelope generating the transients we observe (see Mezzacappa 2005 , for a review of the latter stages of stellar evolution that lead to core collapse and SN)
1 . The immense temperatures, densities and energies reached during the explosive CC process lead to CC SNe playing a huge role in defining the evolution of their environments, and hence the Universe. They are responsible for a significant fraction of heavy elements produced, and their energetics impact into their local environments, driving galaxy evolution and possibly triggering further star formation (SF). However, the community is still far from agreement on which types of progenitors give rise to the rich diversity in transient light curves and spectra we observe. Mapping the paths between progenitor characteristics and transient phenomena has become a key goal of SN science that is rapidly increasing our understanding of stellar evolution and the role parameters such as metallicity, rotation and binarity play in the final stages of the lives of massive stars.
CC SN types
SNe were initially separated into types I and II through the absence or presence of hydrogen in their spectra (Minkowski 1941) . While all type II events are thought to be produced through the CC mechanism, in addition the types Ib and Ic of the non-hydrogen class are also believed to occur through CC. Hence when speaking on the overall CC family we are discussing those SNe classified as II, Ib or Ic. SNe types Ib and Ic (throughout the rest of the paper when referring to 'SNIbc' we are discussing the group of all those SNe that are classified in the literature as 'Ib', 'Ic' or 'Ib/c') lack strong silicon absorption seen in SNe type Ia (SNIa; thermonuclear events), while the two are distinguished by the presence (in the former) and absence (in the latter) of helium in their spectra (see Filippenko 1997 for a review of SN spectral classifications). SNe type II (SNII henceforth) can be further split into various sub-types. SNIIP and SNIIL are differentiated by their light-curve shapes, with the former showing a plateau and the latter a linear decline (Barbon et al. 1979) . SNIIn show narrow emission features in their spectra (Schlegel 1990) , indicative of interaction with pre-existing, slow-moving circumstellar material (CSM, Chugai & Danziger 1994) . SNIIb are transitional objects as at early times they show hydrogen features, while later this hydrogen disappears and hence their spectra appear similar to SNIb (Filippenko et al. 1993) . Finally, there is a group of objects known as 'SN impostors'. These are transient objects which when discovered appear to be similar to SNe (i.e. events that are the end-points of a star's evolution), but are likely to be non-terminal, and hence possibly recurring, explosions from massive stars (e.g. van Dyk et al. 2000; Maund et al. 2006 , although see Kochanek et al. 2012) . While the exact reasons for differences in light-curves and spectra are unknown, they are likely to be the product of differences in initial progenitor characteristics (mass, metallicity, binarity and rotation) which affect the stellar evolution of the star prior to SN. Effectively, these differences change the final structure of the star and its surroundings prior to explosion and hence produce the diversity of transients we observe. The main parameter affecting the nature and evolution of the light we detect from a SN would appear to be the amount of stellar envelope that is left at the epoch of explosion, with the SNIIP retaining the most and the SNIc retaining the least. This outer envelope can be lost through stellar winds, or through mass transfer in a binary system. These processes are then dependent on 4 main progenitor characteristics: initial mass, metallicity, stellar rotation and the presence/absence of a close binary companion. Given the likely strong correlation between pre-SN mass loss and resultant SN type it has been argued (see e.g. Chevalier 2006 ) that the CC classification scheme can be placed in a sequence of increasing pre-SN mass-loss such as follows:
Our understanding of the accuracy of this picture and how it relates to progenitor mass or other characteristics is far from complete. However, it is a useful starting point and we will refer back to this sequence when later discussing our results which imply differences in progenitor lifetimes and hence initial masses.
CC SN progenitor studies
The most direct evidence on progenitor properties is gained from finding pre-SN stars on pre-explosion images after a nearby SN is discovered. This has had success in a number of cases (see e.g. Elias-Rosa et al. 2011 and Maund et al. 2011 for recent examples, and Smartt 2009 for a review on the subject), and long-term we are likely to gain the best insights into progenitor properties through this avenue. However, while the direct detection approach can give important information on single events, the need for very nearby objects limits the statistics gained from these studies. Therefore it is useful to explore other avenues to further our understanding of SN progenitors from a statistical viewpoint. An easy to measure parameter of a single SN is the host galaxy within which it occurs. This separation of events by galaxy type was one of the initial reasons for the separation into CC (requiring a massive star) and thermonuclear (arising from a WD system) events, through the absence of the former in ellipticals (see e.g. van den Bergh et al. 2005) where the stellar population is almost exclusively dominated by evolved stars 2 . More detailed studies have investigated how the relative SN rates change with, e.g. luminosities of host galaxies (e.g. Prantzos & Boissier 2003; Boissier & Prantzos 2009; Arcavi et al. 2010) , to infer metallicity trends, or have obtained 'direct' host galaxy metallicity measurements through spectroscopic observations . These valuable studies allow the inclusion of large numbers of SNe enabling statistically significant trends to be observed. However, in a typical star forming galaxy there are many distinct stellar populations, each with its own characteristic age, metallicity and possibly binary fraction. Therefore, to infer differences in progenitor properties a number of assumptions have to be made. For CC SNe, which have sufficiently short delay-times (period between epoch of SF and observed transient) that the position at which an event is found is close to its birth site, it is arguably more important to attempt to characterise the exact environment within host galaxies where SNe are found, in order to pursue progenitor studies. This is the approach we proceed with in the current study; investigating correlations of SN type with the characteristics of their en-vironments within host galaxies in order to constrain progenitor properties.
Core-collapse SN environments
The distribution of massive stars in galaxies is traced by the presence of HII regions and OB associations. Therefore, one can analyse the distribution of SNe within host galaxies and compare these with those of massive stars in order to attempt to constrain the former's progenitors. After initial studies by Richter & Rosa (1984) and Huang (1987 ), van Dyk (1992 was the first to attempt to separate CC SNe into SNII and SNIbc with respect to host environments. He found no statistical difference between the association of the two with HII regions, albeit with low statistics. Further studies were achieved by Bartunov et al. (1994) and van Dyk et al. (1996) who again concluded that the degrees of association of the two types were similar and hence suggested that both types arose from similar mass progenitors (later a detailed discussion will be presented on how these associations can be interpreted). These studies measured distances to nearby HII regions to gauge associations with massive star populations. While this approach can give useful information on individual SNe associations, the irregular nature and large range of intrinsic sizes/luminosities of HII regions mean that objectively applying this technique can be difficult. More recently, a pixel statistics technique has been developed (James & Anderson 2006; Fruchter et al. 2006 ) which allows one to investigate SN distributions in a more systematic way. Kelly et al. (2008) used this technique to investigate the association of SNe and long-duration Gamma Ray Bursts (LGRBs) with host g-band light. They found that while the SNIa, SNII and SNIb followed the g-band distribution, the SNIc and LGRBs were found to occur more frequently on peaks of the flux, and hence they concluded that both type of events arose from similarly massive progenitors. Raskin et al. (2008) compared these distributions with predicted characteristic stellar ages from analytical models of star-forming galaxies, and derived mass limits for CC SNe, concluding that SNIc arise from progenitors with masses higher than 25 M⊙. Leloudas et al. (2010) looked specifically at the distribution of SNIbc locations and compared them with those of Wolf-Rayet (WR) stars in nearby galaxies, claiming that SNIbc were consistent with being produced by these stars. In addition to investigating correlations of SNe with certain stellar populations, one can look at radial distributions of events and attempt to infer progenitor properties, by comparing these to parameters such as metallicity gradients within galaxies. Following Bartunov et al. (1992) , van den Bergh (1997) found a suggestion that SNIbc are more centrally concentrated within host galaxies than SNII, a result which has been confirmed with increased statistics by Tsvetkov et al. (2004) , Hakobyan (2008) , Anderson & James (2009) and Boissier & Prantzos (2009) . These differences have generally been ascribed to a metallicity dependence in producing additional SNIbc at the expense of SNII in the centres of galaxies which are believed to have enhanced (compared to the outer disk regions) metal abundances (see Henry & Worthey 1999) . These trends are expected on theoretical grounds as at higher metallicity progenitor stars have higher massloss rates through radiatively driven winds (see e.g. Puls et al. 1996 ; Kudritzki & Puls 2000; Mokiem et al. 2007 ) and hence it is easier for a star to lose its outer envelopes and explode as a SNIbc. However, this simple interpretation has been questioned by recent work separating galaxies by the presence of interaction or disturbance ). This analysis found that the centralisation is much more apparent in disturbed galaxies. Given that these disturbed galaxies are likely to have much shallower (if any) metallicity gradients (Kewley et al. 2010 ) it was concluded that there was an IMF effect at play. A detailed follow-up paper addressing these issues is being prepared (Habergham et al. in preparation) . A more direct way to measure environment metallicities is to obtain spectra of the immediate environments of SNe and derive gas-phase metallicities from emission line diagnostics. This approach was first achieved by Modjaz et al. (2008) who looked specifically at the environments of GRBs and the broad-line SNIc which are associated with GRBs. Subsequent works have searched for differences between the CC types. Modjaz (2011) and Leloudas et al. (2011) investigated differences between SNIb and SNIc but came to different conclusions on whether there was any clear metallicity difference, while Anderson et al. (2010) included a sample of SNII in addition to SNIbc and found that the SNIbc show only a small, barely significant offset to higher metallicity than SNII, while also finding little difference between the SNIb and SNIc 3 . These studies are continuing, with care being taken to include SNe from all types of host galaxy in order to remove possible biases (see Modjaz 2011 , for a recent review of these results). Most recently Kelly & Kirshner (2011) have combined many of the above techniques by using images and spectra from the Sloan Digital Sky Survey (SDSS) to investigate environmental colours and host galaxy properties of SNe of different types, and have used these observations to infer differences in progenitor properties. Our first contribution to this growing field was published in James & Anderson (2006) . Here we introduced a pixel statistic (which is the main analysis tool used for the current investigation), and used this together with other analyses to investigate how SNe are associated with SF within their host galaxies, as traced by Hα emission. The CC SN pixel statistics analysis of this work was then updated with an increased sample size of 160 CC SNe in Anderson & James (2008) (AJ08 hereafter). In the current paper we repeat this analysis but with significantly larger samples. The current analysis is achieved on a sample of 260 CC SNe. After a thorough search of the literature this sample can be broken down to 58 SNIIP, 13 IIL, 13.5 IIb (one SN, 2010P is classified as IIb/Ib in the literature and is therefore added at half weighting to both distributions), 19 IIn, 12 SN 'impostors' and 48 SNe that only have 'II' classification, plus 39.5 SNIb, 52 Ic and 5 SNe which only have 'Ib/c' classification in the literature. We analyse the association of all these SNe to SF within their host galaxies and use these results to infer properties of their respective progenitors. The rest of the paper is arranged as follows. Next we summarise the data used and reduction processes applied, followed by a summary of our pixel statistics technique in section 3. Then we present our results in section 4, followed by a discussion of their implications for the properties of CC SN progenitors in section 5. Finally we list our conclusions in section 6. Examples of negative continuum-subtracted Hα images used in our analysis. In all images the location of the SN is marked by the white circle and north is up with east to the left. The left hand panel shows an ESO 2.2m image of NGC 1433, the host galaxy of the type IIP SN1985P. Here the 'NCR' pixel value is 0.000. In the centre panel we show an LT image of NGC 1343, the host galaxy of the type Ic SN2008dv. The analysis of this image gives an 'NCR' value of 0.802 for the SN. Finally in the right hand panel we show an INT image of NGC 3627, the host galaxy of the type IIL SN2009hd. The 'NCR' value for SN2009hd is 0.398.
DATA
The data used for this study have been assembled over a number of years from range of projects, many of which were not originally focused on SN environment studies. Therefore our sample is quite heterogenous in terms of SN and galaxy selection. While this means that the host galaxies analysed and the relative numbers of SNe contain significant biases, what we should have is a sample of SNe and their host galaxies which are a random selection of the, to-date, 'observed' local SNe, the only proviso being that we have favoured SNe with sub-type classification. The data now discussed are an amalgamation of 'new' data with that presented in AJ08. All SNe within the sample have host galaxies with recession velocities less than 10000 kms −1 (the majority have recession velocities less than 6000 kms −1 ), with a median velocity of 1874 kms −1 . We exclude all SNe that occur within highly inclined disk galaxies with axis ratios higher than 4:1, in order to reduce the occurrence of chance superpositions of SNe onto foreground/background stellar populations. Data that were obtained specifically for this project were chosen where SNe sub-type information was available in the literature. This introduces the bias that many of the SNII with sub-type classification fall within galaxies at lower redshift than the SNIb/c population. We later discuss the origin of this bias and investigate whether this has any effect on our results and conclusions. SN types were originally taken from the Asiago catalogue 4 , but the literature was extensively searched for further information, and in some cases SN types were changed (these instances are listed in table A1). We do not include any '02cx-like' objects (see e.g. Jha et al. 2006; Foley et al. 2009 ) due to the unclear nature of their origin, while we also exclude 'Ca-rich' objects (see e.g. Filippenko et al. 2003; Perets et al. 2010 Perets et al. , 2011 , again due a possible distinct progenitor population. As we are interested in the stellar population within the environment of each SN we do not wish to detect any remaining emission from the SNe themselves. Therefore we introduce a criterion that host galaxy imaging must have been taken at least 1 year post SN discovery date for SNIbc and 1.5 years for SNII (which for the case of SNIIP, the most dominant type, are likely to have longer lasting light curves). This criterion is difficult to apply to SNIIn. These SNe sometimes show very long term (sometimes on the order of decades; e.g. Bauer et al. 2008) interaction, which can manifest as Hα emission, and thus could easily mimic environment HII regions where none actually exist. However, given our results presented in section 4.1 of a non-association of SNIIn to SF as traced by Hα emission, any 'false' associations, were they removed, would only increase the significance of our results. Therefore we apply the same criterion to these SNe as to other SNII. Following AJ08 some of the data initially included in this analysis have now either been removed or a SN type classification has been changed. Here we list these changes: SN 1996ae: SN removed from analysis due to axis ratio of host (Graham et al. 2003) We note that none of these changes would alter the overall results and conclusions presented in AJ08.
For the subsequent analysis we will use both Hα and near-UV emission as tracers of SF of different characteristic ages. Hα emission observed in SF galaxies is produced by the recombination of hydrogen ionised by massive stars. This emission is generally observed as bright HII regions within galaxies that are thought to be consistent with stellar ages of less than 16 Myr (Gogarten et al. 2009 ). Near-UV emission (defined here as that detected by the Galaxy Evolution Explorer; GALEX, near-UV pass-band which is centered at λ = 2316Å) is that produced by hot massive stars (but including less massive stars than those needed to produce Hα emission) and is thought to trace episodes of SF on timescales between 16 and 100 Myr (Gogarten et al. 2009 ). Hence, Hα emission is tracing SF on shorter timescales than that traced by near-UV emission. Therefore we choose to define SF as traced by Hα as on-going, while that seen at near-UV wavelengths as recent SF. This nomenclature will be used for the remainder of the paper.
New Hα imaging

MPG/ESO 2.2m data
Hα narrow-and R-broad band imaging (used for continuum subtraction) were obtained for 43 CC SNe host galaxies with the Wide Field Imager (WFI) mounted on the 2.2m MPG/ESO 2.2m telescope (referred to as 'ESO' in table A1) at La Silla, Chile, giving images with pixel sizes of 0.238 arcseconds per pixel. Data were obtained using the narrow-band 'Halpha/7' and '665/12' filters, and exposure times of ∼900s (split into 3x300s to remove cosmic rays by median stacking) for the narrow band filters and 300s in R-band were generally used. Data were reduced in a standard way, which will be summarised for all instruments below. In Fig. 1 we show examples of 3 continuum-subtracted Hα images of SN host galaxies used in the current analysis.
Additional LT data
28 'new' CC SNe were found to have occurred either in old data (i.e. SNe that were discovered in data presented in AJ08, Anderson & James 2009 , but after their publication), or new data specifically obtained for this project, with RATCam mounted on the Liverpool Telescope (LT) at La Palma, the Canary Islands. These data were obtained using the narrow Hα filter and broad r ′ -band filter (used for continuum subtraction), and data were binned 2x2 giving pixel scales of 0.276 arcseconds per pixel. Images were obtained with exposure times of ∼900s (split into 3x300s to remove cosmic rays by median stacking) for the narrow band filter and 300s in the r ′ -band. These data were automatically processed through the LT pipeline giving bias-subtracted and flat field-normalisation images that were then processed as outlined below before analysis.
Additional JKT data
Hα and R-band galaxy imaging were recovered from previous projects of one of the authors (PAJ). These were generally projects to investigate the SF properties of nearby galaxies. The catalogues were searched and 14 'new' CC SNe were found to have occurred within galaxies imaged by the Jacobus Kapteyn Telescope (JKT), on La Palma, the Canary Islands. These images have a pixel scale of 0.33 arcseconds per pixel. Data were obtained through a range of projects and hence different filters and exposure times were used for different galaxies. Details of examples of those data obtained for the HαGS (Hα galaxy survey), and their reduction, can be found in James et al. (2004) . Data were generally obtained with exposure times giving similar Hα sensitivity as other data presently analysed.
Additional INT data
Data were also recovered from other projects that were taken with the Wide Field Camera (WFC), mounted on the Isaac Newton Telescope, at La Palma, the Canary Islands. Either new data were found, or additional SNe had occurred within data presented previously, in 11 cases. Again these data were obtained in a similar fashion to that above, and were reduced in a similar way. The WFC pixel size is 0.333 arcseconds per pixel.
Hα data reduction
All Hα and R-(or r ′ -) band data were reduced in a standard manner, which has been discussed in detail in James et al. (2004) and also in previous papers in this series (AJ08, Anderson & James 2009 ). The narrow-and broad-band data were processed through the usual stages of bias-subtraction and flat-field normalisation before Hα images were continuum-subtracted using the broad-band exposures, using routines in IRAF 6 and Starlink. The continuum subtraction was achieved by first aligning and scaling the narrowto broad-band images, then stars within the field were used to estimate a continuum scaling flux factor between the two exposures. After using this factor to normalise the broad-band images to that of Hα, we used the former to remove the contribution of the continuum to the narrow-band images, leaving only the flux produced by Hα (and [N II]) line emission. In general this process works well, however in some cases individual images need to be re-processed through an iteration in order to obtain a satisfactory continuum subtraction. Bright foreground stars often leave residuals after the subtraction process. These residuals are removed through 'patching' of the affected image regions (pixel values are changed to average values of those just outside the affected region). When the affected region covers a large portion of the galaxy, or is extremely close to the SN position we remove these cases from our statistics due to the uncertainties this may cause. Finally all images are processed to leave a mean sky value of zero. In order to accurately derive the position where each SN exploded within its host galaxy, we require accurate (sub-arcsecond) astrometry. Therefore we determined our own astrometric solutions for all images within the sample using comparison of stars with known sky coordinates from second generation Palomar Sky Survey XDSS images downloaded from the Canadian Astronomy Data Centre website 7 , and used the Starlink routine ASTROM to calibrate images. Finally, all the above images are binned 3x3 to decrease the effects of uncertainty in SN coordinates on our analysis. Hence all images are analysed with effective pixel sizes of ∼1 arcsecond. The median recession velocity of the sample of host galaxies is 1874 kms −1 . Therefore, at this distance we are probing physical sizes of around 130 pc. At the distance of the closest galaxy (NGC 6946) we probe distances of ∼40 pc, while for the most distant galaxy (UGC 10415), the corresponding resolution is much coarser, ∼650 pc. Hence, in most cases we do not probe individual HII regions, but larger SF complexes within galaxies. Later in the paper we will show that splitting the sample by host galaxy distance makes little difference to the results obtained, hence we are confident in our analysis technique with respect to this issue.
GALEX data
As we will show below, many CC SNe do not follow the on-going SF as traced by Hα emission. Therefore, we decided to probe the association of certain SN types with SF of longer characteristic lifetimes. To do this we chose to use GALEX near-UV images, and as outlined above we define that the emission detected in these images is that from recent SF, i.e. that on timescales between 16 and 100 Myr (Gogarten et al. 2009 ). We chose to use near-UV images in place of GALEX far-UV images for two reasons. 1) In terms of the ages of SF traced by the two, the near-UV emission gives a longer time baseline compared to that traced by Hα emission, and hence we can hope to see larger differences in the association of the different SNe to the different emission. 2) There are fewer detections at far-UV wavelengths and therefore using the far-UV images would lead to larger uncertainties where no emission is detected. For all those SNe where we require UV imaging, we use the GALEX search form 8 to download host galaxy images. GALEX has obtained data for a range of projects from an all sky survey (AIS), to individual time requests of smaller samples (details of the surveys achieved can be found in Morrissey et al. 2007 ). Hence for some galaxies within our sample there is a range of images to choose from. For each galaxy we use the deepest images available. These near-UV images display the emission at wavelengths between 1770 and 2730Å and have pixel sizes of 1.5 arcsecond per pixel. Hence, these images probe similar physical sizes to those taken with ground-based optical detectors as outlined above.
PIXEL STATISTICS ANALYSIS
The pixel statistic used throughout this paper has been used and described in detail in previous works. Here, we briefly summarise the formulation and use of this statistic, but we refer the reader to those previous papers (James & Anderson 2006, AJ08) for more in depth discussion of the technique and its associated errors. In latter sections we delve deeper into some un-addressed issues that may be important for the interpretation of the use of this statistic on our SN and galaxy samples. Our 'NCR' (a shortened acronym of the 'Normalised Cumulative Rank pixel function', first presented in James & Anderson 2006) statistic gives, for each individual SN, a value between 0 and 1 which corresponds to the amount of emission within the pixel of a SN, in relation to that of the whole host galaxy. It is formed in the following way, from continuum-subtracted Hα images (plus GALEX near-UV in the present paper). First, the images are trimmed so that we only include emission of the galaxy and the SN position. This helps to avoid large fluctuations in the sky background and/or bright foreground stars in the vicinity of the host, which sometimes prove difficult to remove 9 . The pixels from each image are then ranked in terms of increasing count; i.e. from the most negative sky value, up to highest count from the pixel containing the most flux within the frame. We then form the cumula- Table 1 . The NCR pixel statistics for each of the 'main' SN types. In the first column we list the SN type, followed by the number of events within that distribution in column 2. In column 3 we list the mean NCR value for each SN type, followed finally by the standard error on that mean. Note, there are more SNIbc than the sum of the SNIb and SNIc. This is because there are 5 events in our sample where only a 'Ib/c' classification is given in the literature.
tive distribution of this ranked pixel count, and finally normalise this to the total flux summed over all pixels. We set all negative values in this cumulative distribution to 0. Hence, NCR values of 0 correspond to the SN falling on zero emission or sky values, while a value of 1 means that the SN falls on the brightest pixel of the entire image. We proceed with this analysis for all SNe within the sample (using the same technique for both Hα and near-UV images, where they are included), building distributions for the different CC SN types. If we assume that the SF pixel count scales by number of stars being formed (with near-UV emission simply tracing stars down to lower masses), then if a SN population accurately follows the stars being formed and mapped by that particular SF tracer, we expect that the overall NCR distribution for that SN type to be flat and to have a mean value of 0.5. We use this as a starting point for interpreting our results on the different SN types, and investigate differences in the association of different types with host galaxy SF. The most logical assumption when interpreting these distributions is that a decreased association to the SF implies longer stellar lifetimes and hence lower pre-MS masses. Hence we can use this implication to probe differences in progenitor lifetime and mass of the different CC types. We will discuss the validity of this interpretation in section 5 and outline how this can be understood in terms of other progenitor and SF properties. Now we present the results achieved through this analysis.
RESULTS
The results of the pixel statistics analysis, with respect to host galaxy on-going SF (as traced by Hα emission) are presented in table A1, along with SN types, galaxy properties and references. First, we present results and distributions for the 'main' SN types of SNIa, SNII, SNIb and SNIc, while also grouping the SNIbc together (we present the SNIa distribution here for comparison to the CC SNe, however a full analysis and discussion of this distribution, splitting the population by light-curve parameters is being presented elsewhere; Anderson et al., in preparation) . The mean NCR values for each distribution are presented in table 1 together with standard errors on the mean and the number of events in each sample. The distributions of each SN type are displayed in Fig. 2 as cumulative distributions.
We use the Kolmogorov-Smirnov (KS) test to probe differences between the distributions, and also between the distributions and a hypothetical, infinite in size flat distribution (i.e. one that accurately traces the SF of its host galaxies). This hypothetical (52) in blue and the overall SNIbc (96.5) population in magenta. The black diagonal line illustrates a hypothetical, infinite in size distribution that accurately follows the on-going SF. As a distribution moves away to the top left-hand corner from this diagonal it is displaying a lower degree of association to the emission. Hence, a clear sequence is displayed, from the SNIa through the SNII, the SNIb and to the SNIc in terms of increasing association to the Hα line emission.
distribution is shown by the diagonal black line in Fig. 2 Table 2 . The NCR pixel statistics for each of the SNII sub-types. In the first column we list the SN type, followed by the number of events within that distribution in column 2. In column 3 we list the mean NCR value for each SN type, followed finally by the standard error on that mean.
SF, which implies a sequence of decreasing progenitor lifetime and hence an increasing progenitor mass, if we make the simple assumption that a higher degree of association to SF equates to shorter 'delay-times' (time between epoch of SF and epoch of SN). This sequence progresses as follows:
The SNIc appear to arise from the highest mass progenitors of all CC SN types (indeed higher mass also than any of the other sub-types, given the mean values presented below). We note that while the SNIc accurately trace the on-going SF the SNIb do not, while statistically the SNIb show a similar degree of association to the SF as the overall SNII population. When comparing the overall SNII and SNIbc populations we find that the latter show a significantly higher degree of association to the Hα line emission. This implies that overall SNIbc arise from more massive progenitors than the SNII population. We note here that this does not necessarily imply single star progenitors for SNIbc. Our result solely implies that the SNIbc arise from shorter lived, higher mass progenitors, whether single or binary star systems. This issue is discussed in detail below. While all of these results were indicated in our earlier study (AJ08), the current data set is the first to clearly separate out the SN Ib from the SN Ic, with the latter now being seen to be significantly more strongly associated with on-going SF, and hence arising from higher mass progenitors.
CC SN sub-types
We now further separate the CC SN types into various sub-type classifications that are given in the literature and were discussed earlier in the paper 11 . The mean NCR pixel values together with their standard errors for the CC sub-types are presented in table 2, while we show the cumulative distributions of the different populations in Fig. 3 . We perform KS tests between various distributions together with tests between populations and a hypothetical flat distribution that directly traces the on-going SF. We now list these probabilities: IIb-IIP: >10%
11 An obvious group to investigate here would be the so-called 'broad-line' class of objects, in particular due to their association to long-duration GRBs. We searched the literature for evidence of a sample of these objects within our data but found few compelling cases. Therefore we do not investigate this group of objects in the present study. IIn-IIP: >10% Probability of being consistent with a flat distribution 'impostors'-flat: <0.1% IIn-flat: <0.1% IIP-flat: <0.1% IIL-flat: ∼10% IIb-flat: >10% Again we can list these in terms of increasing association to the Hα emission, as is displayed in Fig. 3 (however given the lower number of events within these distributions, the overall order of the sequence may not be intrinsically correct). We find the following sequence of increasing association to the line emission, implying a sequence of increasing progenitor mass:
The first observation that becomes apparent looking at this sequence and the distributions displayed in Fig. 3 is the position of the SN 'impostors' and the SNIIn 12 . Indeed we find that >50% of the SNIIn do not fall on regions of detectable on-going SF (we will soon evaluate the physical meaning of this statement). These observations are perhaps surprising given the substantial literature claims that the progenitors of both of these transient phe-nomena are Luminous Blue Variable (LBV) stars. LBVs are massive, blue, hot stars that go through some extreme mass-loss events (Humphreys & Davidson 1994) . These pre-SN eruptions may provide the CSM needed to explain the signatures of interaction observed for these transients. However, these claims are inconsistent with their lower association to SF. Regarding the other sub-types, we find that the SNIIP show a very similar degree of association to the on-going SF as the overall SNII distribution presented above. This is to be expected as a) the overall distribution is dominated by SNIIP and b) it is likely that a large fraction of the SNe simply classified as 'II' (48) in the literature are also SNIIP. The fact that a large fraction of the SNIIP population does not fall on regions of on-going SF suggests that large fraction of these SNe arise from progenitors at the lower end to the CC mass range. The other sub-types included in this study are the SNIIL and SNIIb. Given the low number statistics involved (13 IIL and 12.5 IIb), definitive results and conclusions are perhaps premature. However, it may be interesting to note that both of these types appear to occur within or nearer to bright HII regions than the SNIIP, implying higher mass progenitors.
SNIIP Hα vs near-UV
The mean NCR value for the 58 SNIIP with respect to Hα is (as above) 0.264 (standard error on the mean of 0.039). This mean value together with the KS statistic test comparing the population to a flat distribution, shows that the SNIIP do not trace the SF as traced by Hα emission. Indeed around 30% of these events fall on pixels containing no Hα emission. If we assume that this implies that SNIIP arise from lower mass massive stars then we expect to see a stronger association to the recent SF as traced by near-UV emission. We test this using GALEX near-UV host galaxy imaging and the resulting distribution is shown in Fig. 4 (for the 50 SNIIP from our sample where near-UV images are available). We also list the near-UV NCR values in table 3 together with their Hα counterparts and host galaxy information. We find that the SNIIP accurately trace the near-UV emission (although there are still almost 15% of events that do not fall on regions of SF down to the detection limits of GALEX in the near-UV). The SNIIP near-UV NCR distribution is formally consistent (chance probability >10%) with being drawn from a flat distribution (i.e. accurately tracing the recent SF), while the distributions with respect to the on-going and recent SF are statistically not drawn from the same underlying population (KS test probability <0.1%). As above, this implies that SNIIP arise from the lower mass end of stars that explode as CC SNe (actual stellar age/mass limits are discussed below).
SNIIn Hα vs near-UV
As discussed above the SNIIn show an even lesser degree of association to the Hα line emission than the SNIIP, with >50% of events having an NCR value of 0. Therefore, as for the SNIIP we re-do the NCR analysis using GALEX near-UV galaxy imaging (using 18 SNIIn with available data). We list the near-UV NCR values in table 4 together with their Hα counterparts and host galaxy information. We find a similar trend to that of the SNIIP; the SNIIn are formally consistent (>10%) with being randomly drawn from the distribution of recent SF, although we note a larger number of events (than the SNIIP) that fall on regions of zero near-UV emission (22% compared to 14% for the SNIIP). While there appears in Fig. 5 an obvious difference between the SNIIn distributions with respect to the two SF tracers, given the relatively small number of events in each sample a KS test is not conclusive. These results imply that the majority of SNIIn arise from relatively low mass progenitors.
SN 'impostors' Hα vs near-UV
Finally we repeat this analysis of Hα against near-UV pixel statistics for the SN 'impostors' (11 events). Again we find similar trends that the population shows a higher degree of association to the recent than the on-going SF. We list the near-UV NCR values in table 5 together with their Hα counterparts and host galaxy information. Given the low number statistics it is hard to fully trust the results. However, the two distributions as displayed in Fig. 6 suggest that while the 'impostors' show a higher degree of association to the near-UV compared to the Hα emission, they are not accurately tracing the recent SF. Indeed, using a KS test we find only ∼3% chance probability that these events are drawn from the underlying distribution of near-UV emission. This either implies that these events arise from much lower mass progenitors than all other transients studied here, that there is some strong selection effect against finding these events within bright HII regions, or that the stellar birth processes of these objects differ from those which form 'normal' massive stars.
We have not chosen to pursue investigations of the correlation of all other types with near-UV emission. We chose the SNIIP, IIn and 'impostors' for study because these were the obvious events of interest, given their non-association to the Hα emission. Table 3 . List of data for all SNIIP where GALEX near-UV host galaxy images were available in the archive. In column 1 we list the SN name, followed by its host galaxy and recession velocity in columns 2 and 3. We then list the Hα NCR values followed by their corresponding near-UV values.
Progenitor age and mass constraints
The most robust results presented here are the relative differences between the distributions of the different SN types with respect to host galaxy SF. However, given estimates of the SF ages traced by the two wave-bands used in our analysis, we can go further and make some quantitative constraints. Table 5 . List of data for all SN 'impostors' where GALEX near-UV host galaxy images were available in the archive. In column 1 we list the SN name, followed by its host galaxy and recession velocity in columns 2 and 3. We then list the Hα NCR values followed by their corresponding near-UV values recent SF and then apply the above timescales to the results. We then use table 1 from Gogarten et al. (2009) , taken from the models of Marigo et al. (2008) to obtain progenitor mass constraints. As above, the constraints we present below are based on the assumption that a decreasing association to SF equates to longer lived, less massive progenitors. Before proceeding we need to make an important caveat to the results presented in this subsection. While it is generally accepted that near-UV emission traces SF on timescales longer than that of Hα, the definitive timescales we present above are less secure. While it may be that stars with ages ∼16 Myr produce a small amount of ionizing flux, contributing to that which produce HII regions, the flux will be dominated by the most massive stars. Hence, it has been argued (P. Crowther, private communication 2012) that only the most massive stars will be found to reside within large HII regions. Therefore it could be that only stars with much shorter timescales than 16 Myr accurately trace the spatial distribution of Hα emission within galaxies. However, these much higher mass (shorter lifetime) values have not been convincingly shown observationally. Hence, in this section we continue with the age (and therefore mass) ranges that we take from Gogarten et al. (2009) (which were for one environment within one SF galaxy). Finally, we stress that our main results and conclusions are not dependent on the strength of these age limits. The positions of SNIIP within host galaxies show that they accurately trace the recent and not the on-going SF. Hence we can put an upper limit for the majority of SNIIP to arise from progenitors with ages > 16 Myr and masses < 12 M⊙ (given the age to mass conversions in table 1 from Gogarten et al. 2009 ). We note that the upper mass constraint does not exclude progenitor masses above 12 M⊙, just that the majority will be produced from stars below this mass. Given the shape of the IMF (e.g. Salpeter 1955), even if the possible range of progenitors extends out to above 20 M⊙ we still expect the majority to be from the low mass end. This is consistent with the direct detections thus far for SNIIP (see Smartt 2009 for a review). Moving next to the SNIc, these events accurately trace the ongoing SF and hence the shortest lived, most massive stars. Using the timescale above we constrain these progenitors to be above 12 M⊙, hence more massive than the SNIIP. Given that the masses of these SNe if they arise from single stars are probably more than 25 M⊙ (from observational upper limits of red supergiants; Levesque et al. 2007 , and predictions from single star models; e.g. Heger et al. 2003; Eldridge & Tout 2004; Georgy et al. 2009 ), this constraint does not allow us to differentiate between single and binary star scenarios. In Fig. 2 we see that the SNIb fall in between the SNIc and SNII in terms of their association to the on-going SF. Indeed they are inconsistent with being drawn from the Hα emission distribution. As with the SNIIP, if we take the limits for the production of HII regions detected through Hα as 16 Myr then this would constrain the majority of SNIb progenitors to be stars less massive than ∼12 M⊙. Keeping the insecure nature of this mass limit in mind, this would then constrain SNIb to arise from binaries (e.g. Podsiadlowski et al. 1992) , as single stars less massive than ∼25 M⊙ are not thought to be able to lose their hydrogen envelopes prior to SN (e.g. Heger et al. 2003; Eldridge & Tout 2004; Georgy et al. 2009 ). Given the small statistics for the SNII sub-types, quantitative constraints are more difficult. Therefore we only apply this argument to the SNIIn. The SNIIn do not (KS probability <0.1%) trace the on-going SF, and hence as for the SNIIP, this argues that the majority of the events within our sample had progenitor stars with ages of more than 16 Myr and therefore masses of less than 12 M⊙.
SNe falling on 'zero' star formation
The above analysis has shown that many CC SNe do not fall on regions of on-going and/or recent SF. Here we investigate this further and determine whether this is due to our detection limits or whether there is a significant fraction of events that do indeed explode away from HII regions. This can be achieved by evaluating SN pixel values and determining where these fall in the overall NCR pixel distribution. In Fig. 7 . The thicker black curve shows the distribution of increasing pixel count, while the thinner curve shows the corresponding cumulative distribution. On the right a scale is shown to represent the NCR values of these distributions. We show this here to draw attention to how this statistic is formed with respect to sky or zero detected emission pixels.
an example of how the NCR statistic is formed in relation to the rank of the pixels of the host galaxies and their cumulative distributions. The NCR statistic is formed by ranking all pixels of the host galaxy, including those from the surrounding sky, into a sequence of increasing pixel count. From this count the cumulative distribution is formed. The NCR statistic is considered to have a non-zero value when this distribution becomes positive. In Fig. 7 , this occurs where the thin line crosses the cumulative value of zero, where the thick line of individual pixel values has a small but non-zero positive value. Therefore there are many positive pixel counts that have an NCR value of zero. Hence, in forming the NCR statistic we are effectively putting a limit per pixel for detection of emission. This means that there will be pixels which correspond to an NCR value of zero but contain emission, just emission that falls below our detection limit. Now, we can evaluate the cases where a SN has an NCR value of zero and see where this lies within the pixel distribution that is considered as zero. If indeed these SNe are arising from regions consistent with zero intrinsic SF then the distribution of these NCR=0 pixel counts should be evenly distributed either side of zero (the mean sky flux in this statistic). We do this analysis for the 15 SNIIP that fall on zero Hα NCR values. We determine the pixel count on which the SN falls and normalise this so that for each SN we have a value between -1 and 1, where a value of -1 means that the SN falls on the most negative count of the image, and a value of 1 means that the SN falls on the most positive count before the NCR distribution becomes non-zero. We plot the resulting distribution in Fig. 8 . We find that the distribution is indeed biased towards positive pixel values. If the SNe were consistent with being drawn from sky or true zero emission pixels we would expect the same number to have negative and positive pixel values within the NCR=0 distribution. Given that there are 3 SNe with negative values and 12 with positive values we find an excess of 9 SNe which fall on zero NCR values but fall on emission which is below our detection limits.
There is no way of knowing which of these 12 positive values are If these SNe really were falling on regions of zero intrinsic Hα emission then we would expect this distribution to be evenly distributed between -1 and 1. As the displayed distribution is clearly biased towards positive pixel values this shows that some of these SNe fall on emission which is not detected in our imaging.
the 9 which fall on intrinsic emission. To estimate the detection limits per pixel of our imaging (and hence our NCR statistic), we estimate SF rates (SFRs) per SN containing pixel. For 5 of the galaxies SFRs have been published in James et al. (2004) . For these we take the count for the SN containing pixel and divide this by the overall galaxy Hα count. This then gives us a scaling factor to apply to the SFR of the host which we use to calculate a SFR for the SN containing pixel. We use these 5 'calibrated' galaxies as representative of the overall sample of 12 galaxies (this is reasonable given that the SN to total pixel counts ratio is very similar between the 'calibrated' and 'uncalibrated' samples). The mean SFR in SN containing pixels is 2.1×10 −5 solar masses per year. We assume this to be our NCR median detection limit for our Hα imaging. Hence, when we are talking about a certain fraction of a SN population that fall on 'zero NCR' values, we are talking about the fraction of events that fall on pixels consistent with (on average) SFRs of around, or below 2.1×10 −5 M⊙ per year. For reference the SFR for the Orion nebula is ∼7.9×10
−5 (taking the Hα luminosity from Kennicutt 1984 , and converting to a SFR using eq. 2 from Kennicutt 1998). Therefore, within the median of our SNIIP host galaxies, we would expect to detect SF regions of the size/luminosity of Orion, but not those with smaller SFRs. A small number of SNe (IIP, IIn and 'impostors') also fall on zero near-UV NCR values. Hence, we ask the same question as above, whether these are really SNe that are falling on zero SF or whether this is simply a detection sensitivity issue. On inspection of the images used it is clear that we cannot form the same distribution as displayed in Fig. 8 . This is because the vast majority of GALEX 'sky' pixel counts are simply zero (meaning that when one subtracts the mean sky value an image is left with many negative count pixels of the same value). Duplicated values are unhelpful for proceeding with the analysis presented above for Hα. Therefore, here we simply calculate whether the pixel where each SN falls is positive or negative. For the combined sample of SNIIP, IIn and 'impostors' there are 16 SNe which fall on zero near-UV NCR pixels. We find that 10 have positive sky values and 6 have negative counts. Taking the number of 'negative' SNe as 6 means that there will also be 6 'positive' SNe that are falling on regions consistent with zero emission. Therefore there are only 4 SNe which do fall on regions of emission, but that which is below our detection limits. We conclude that there is a small but not insignificant number of CC SNe which fall on regions of zero intrinsic SF as traced by Hα and GALEX near-UV emission. One may ask the question of whether the differences between the degree of association of the different SN types to host SF are merely due to the overall number of events which fall on NCR=0 pixels. Indeed, when we look at Fig. 2 we see both a sequence of populations moving away from the flat distribution, while also seeing a sequence of NCR=0 fractions when looking only at the y-axis (the position where each distribution starts from the left hand side of this plot gives the fraction of events within the distribution that fall on NCR=0 pixels). To investigate whether additionally there are differences in the shape of each distribution, we re-plot the populations removing these NCR=0 objects. The resulting cumulative distributions are shown in Fig. 9 . We see that there still appears to be a sequence of increasing association to the on-going SF within these samples. The KS test of the modified SNII and SNIc distributions indicates that these are still significantly different, at the 2.5% level, while both the SNII and SNIb populations are still not consistent with being drawn from a flat distribution (probabilities of <0.1% and ∼5% respectively). We therefore observe that SNII and SNIb show both a higher fraction of events falling on zero ongoing SF and less frequently explode within bright HII regions than SNIc.
Selection effects and possible sample biases
In this section we test for several possible biases that may be affecting our results. The main result from this paper is, that SNIbc show a higher degree of association to host galaxy on-going SF than SNII. The SNII sample is dominated by SNIIP. One possible source of concern is that the peak brightness luminosity function of SNIIP is seen to extend to lower values than SNIbc. While this difference is observed, the mean luminosities for the IIP and Ibc samples presented by Li et al. (2011) are very similar, and the only differences in the distributions concern a faint tail of ∼ 30 per cent of SNII. Nevertheless SNIIP may be harder to detect against bright HII regions, and be affected by a selection effect. If this is strongly affecting our sample then we would expect to see two trends. Firstly, we would expect the SNII to SNIbc ratio to decrease with increasing distance. This is because as one goes to larger distances it becomes harder to detect objects against the background galaxy emission. Given the (possible) luminosity differences between the two samples we may then expect this effect to be worse for the SNIIP than the SNIbc. Secondly, we would expect that for both SNIIP and SNIbc as one goes to larger distances it would become harder to detect both sets of events against bright HII regions. This would then manifest itself as decreasing NCR pixel values for each sample. In the analysis and discussion below we test these hypotheses. In table 6 we list the mean and median recession velocities (which equate to distances) of the host galaxies of each sample and sub- (47) Table 6 . Mean and median recession velocities for the host galaxies of the different SN types. In the first colum the SN group is listed, followed by the number of events within that group in column 2. In column 3 and 4 we list the mean and median host galaxy recession velocities sample of SNe analysed within this work. This initial analysis shows that the SNII sample is nearer in distance than that of the SNIbc. This trend is also shown in Fig. 10 . However, there is an obvious target selection bias which is affecting these distributions. Namely, as outlined in section 2, our target SNe host galaxies were chosen to give SNe with sub-type classifications. To classify a SN as a Ibc one needs only a spectrum. However, to classify a SN as a bona-fide IIP or IIL one needs a light-curve of reasonable quality. The community is more likely to take the photometry needed to make this distinction for nearby events. Indeed, apart from the 'impostors' the SNIIP and SNIIL have the closest host galaxies, while the events only classified as 'II' have considerably larger distances. Adding this to the fact that SNIbc are simply rarer and therefore one has to go to further distances to compile a significant sample and this explains the trend seen in Fig. 10 . Next we split both the SNIIP and SNIbc samples into 4 equal bins of recession velocity. For each of these bins we calculate the mean NCR value. We then plot these NCR distributions in Fig. 11 . While we see the obvious offset in recession velocities of the SNIIP and SNIbc described above, both distributions appear to be very flat with host galaxy velocity. Hence, we conclude that there is no selection effect which preferentially detects SNIbc within bright HII regions with respect to SNII. Armed with this last conclusion we now discuss all the above results in more detail, confident that we are seeing true intrinsic differences in the association of different SNe with host galaxy SF.
DISCUSSION
The major assumption employed in this work is that an increasing association to SF equates to shorter pre-transient lifetimes. This would appear to be the most logical way to interpret these results.
Here we delve deeper into the physical causes of these associations and how one can interpret these in terms of various parameters at play within SN host environments. To motivate this discussion we start by outlining different reasons a SN will occur at different distances from HII regions within hosts. 1) Only very massive stars (i.e. larger than 15-20 M⊙, Kennicutt 1998; Gogarten et al. 2009 ) produce sufficient quantities of ionizing flux to produce a bright HII region visible as Hα line emission. When these stars explode as SNe the HII region from an episode of SF ceases to exist, and hence when lower mass stars from the same SF episode go SN they will do so in an environment devoid of emission. Therefore, the higher mass progenitors will better trace the on-going SF than their lower mass counterparts.
2) Longer lived, lower mass stars have more time to drift away from their places of birth, i.e. HII regions. Therefore, these lower mass progenitors will explode in regions of lower SF density and overall will trace the SF to a lesser degree. This scenario is also important for continuous SF within the same environment. We can envisage continuous SF where SNe from an initial SF episode trigger further formation events. In this scenario the most massive stars have little time pre-explosion to move away from their host HII regions, while lower mass events have an increasingly long duration of time to drift away.
3) Hydrogen gas which is ionized to produce bright HII regions (through recombination) is blown away by winds from the most massive stars, and their subsequent explosions. Hence, even if lower mass stars still have the necessary ionizing flux to produce HII regions, there is simply not enough gas within the environment. Therefore, while the most massive stars are observed to explode within a dense SF region, the lower mass stars explode into a sparse region devoid of Hα emission, again producing differences in the degrees of association of different mass stars with HII regions. 4) Stars that are found away from bright HII regions can be 'runaway' events with high velocities, and have as such moved considerable distances between epoch of SF and epoch of SN. Lower mass stars are more likely to be influenced by this effect through both the binary-binary (Poveda et al. 1967 ) and supernova (Blaauw 1961) proposed formation mechanisms, due to preferential ejection of the lowest mass star in the former, and the lower mass star being 'kicked' by the explosion of the higher mass companion in the latter (indeed this scenario has been addressed in detail for SNe progenitors; Eldridge et al. 2011) . Hence, as above, SNe produced by lower mass progenitors would be found to occur further away from SF regions than those of higher mass. This scenario was investigated in James & Anderson (2006) to explain the high fraction of SNII exploding away from the on-going SF of host galaxies. Using these arguments as a base, we now further discuss the progenitor mass constraints and sequences outlined above. Fig. 2 shows a striking sequence of increasing progenitor mass. This starts with the SNIa arising from the lowest mass progenitors, through the SNII, the SNIb and finally the SNIc arising from the highest mass stars. With respect to the SNIa this is to be expected as these events are considered to arise from WD systems, i.e. those produced by low mass stars. Indeed this has been observed previously, through the presence of SNIa, and absence of CC SNe within old elliptical galaxies (e.g. van den Bergh et al. 2005) . The next group in this sequence are the SNII. (Given the dominance of SNIIP we consider this discussion relevant for the overall SNII population but also of that of the SNIIP.) These SNe, while showing the expected increase of association and hence increase in progenitor mass compared to the SNIa, are not seen to trace bright HII regions within hosts. We explain this result with the conclusion that these events arise from the lower end of the mass range of CC SNe. This is strengthened by the fact that these events accurately trace the recent SF.
Progenitor mass sequences
Next in the sequence we find the SNIb. These SNe only show a slightly higher correlation than the SNII, but the difference between the SNIb and SNIc is significant. Therefore there is a strong suggestion that SNIb arise from less massive progenitor stars than SNIc. The final transients in this sequence are the SNIc. These events are consistent with being drawn randomly from the spatial distribution of on-going SF, and hence are consistent with being produced by stars at the higher end of the CC mass range. While we believe that this is the first time observationally these mass differences between 'normal' CC SNIIP and other types has been convincingly shown, these differences have been previously predicted. Single star models (Heger et al. 2003; Eldridge & Tout 2004; Georgy et al. 2009 ) predict that CC events which have lost part of their outer envelopes arise from more massive progenitors than those of SNIIP. These models also predict the overall progenitor mass sequence we have outlined, with SNIb arising from more massive stars than SNIIP, and SNIc arising from even higher mass progenitors. While these mass differences are likely to be more pronounced in single star scenarios, binary system models (Podsiadlowski et al. 1992; Nomoto et al. 1996 ) also seem to predict some correlation of SN type with progenitor mass.
Observationally there have been suggestions of mass differences through previous work on environments (e.g. Van Dyk et al. 1999; Kelly et al. 2008 ; AJ08), comparison of these environment studies with galaxy models (Raskin et al. 2008) , and also hints from direct detection studies which will be discussed below. However, the study of a large number of SNe and their host environments we present here, together with the use of Hα imaging tracing only the sites of the most massive stars, significantly strengthen this progenitor mass sequence picture.
The SNIIn and 'impostors'
Probably the most surprising results to emerge from this study (although this was already shown in AJ08) is the low correlation of SN 'impostors' and SNIIn with host galaxy SF. This is shown in Fig. 3 and the sub-type progenitor mass sequence outlined in section 4.1. The general consensus is that both of these transients have LBV progenitor stars. This is because of the high mass loss rates needed to provide the CSM required to produce the observed signs of interaction. It has been claimed (see e.g. Smith 2008 ) that only the most massive stars going through eruptive stages of mass-loss can provide this material. Also, a number of authors have linked LBVs to individual SNIIn and SN 'impostors' (e.g. Trundle et al. 2008; Smith et al. 2010; Kiewe et al. 2012) , while the one direct detection of a SNIIn that exists points to a very massive star (Gal-Yam et al. 2007 ). However, the validity of associating the majority of these transients with LBV progenitors has been questioned by Dwarkadas (2011) and Kochanek et al. (2012) . Indeed, it appears that the SNIIn and 'impostor' family is extremely heterogenous with the possibility of a significant fraction arising from lower mass stars in dusty environments (e.g. Thompson et al. 2009; Kochanek et al. 2012 ). Unfortunately our sample sizes of these events are too small to further separate them. For both SNIIn and SN 'impostors' we find that they do not trace HII regions within their galaxies and this implies that the majority of these events arise from relatively low mass progenitors. This result would seem to be inconsistent with the majority of these transients arising from very high mass stars. We note that this does not exclude a small fraction events such as SN2005gl (Gal-Yam et al. 2007) (Hamuy et al. 2003 ) and 2005gl (Aldering et al. 2006 ) it has been argued that they are part of a hybrid 'Ia-IIn' classification. While it seems unlikely that all SNIIn arise from thermonuclear explosions, the possibility remains that there are further cases of SNIa events which are linked to SNIIn, but their spectral features are hidden beneath the continuum dominated spectra observed for interaction driven SNIIn. This discussion is driven by our results that SNIIn show a lesser degree of association to SF than SNIIP, with the distribution lying between those of SNII and SNIa as shown in Fig. 12 . This result could be naturally explained if a significant fraction of SNIIn had progenitors consistent with SNIa events; i.e. lower mass than those which explode through CC. While further examples of this hybrid class are needed to strengthen these arguments, we find the distributions as shown in Fig. 12 intriguing; those of SNIIn and SNIa are very similar, and statistically are consistent with being drawn from the same parent population (KS probability >10%).
If one wishes to retain high mass LBV stars as the progenitors of both the 'impostors' and SNIIn then one needs to find reasons why some high mass stars explode far from HII regions. Indeed, specifically predict that SNIIn, given the assumption of LBV progenitors, will be found to occur closer to HII regions than SNIIP. One could hypothesize that we do not observe these transients near to bright HII because the gas geometry is such that the transients are observed but the tracers we use of SF are not. It follows that one would, in addition, observe these events explode outside near-UV traced SF regions. However, earlier we showed that they follow near-UV emission of their host galaxies better than Hα. If this were an issue of dust extinction we may expect it to be worse at UV wavelengths (than in the optical where we detect Hα). This closer association to near-UV emission appears to strengthen the conclusion that these events are arising from lower mass progenitors. For the SN 'impostors' there is one strong caveat to these conclusions. Events classified as 'impostors' are generally at the low end of the CC luminosity function. Hence, there will be a strong selection effect against finding these transients within bright background regions (this is seen in the median recession velocity of these transients within our sample as listed in table 6). However, we note that if this were the case, and the 'impostors' intrinsically followed distributions of high mass stars, this would imply that even in very nearby galaxies we are missing the vast majority of these events, and therefore that the SN 'impostor' rate is considerably higher than assumed. For the SNIIn this effect does not appear a viable option as these events are often brighter than 'normal' SNII. recently used local SN rates from the Lick Observatory Supernova Search ) to investigate mass ranges for different SN types by comparison to a standard IMF, and attempted to constrain whether single stars, binary systems or a hybrid of both could best explain nearby SN rates. These authors concluded that single stars cannot account for the relative rates of different CC SNe. They tested various scenarios and suggested mass constraints for different SN types. In their favoured scheme (a hybrid of single and binary systems, their Fig. 7 ) SNIIP, SNIIL and SNIIn are produced by single stars and form a sequence of increasing progenitor mass. SNIIb and SNIb are produced by binaries and form over the entire CC mass range. Finally SNIc are produced by both single and binary systems and have progenitors of high mass. We now discuss each SN type in turn with respect to our results. SNIIP arise from the lowest mass bin in all scenarios of Smith et al., which is consistent with our results. In their preferred scenario, SNIIL trace slightly higher mass stars than SNIIP, again consistent with our results and the mass sequence presented in section 4.1. In all presented scenarios these authors predict (or assume) that SNIIn arise from higher mass progenitors than SNIIP. We see the opposite trend with the SNIIn showing the lowest degree of association to the on-going SF. Smith et al. constrain SNIIb to arise from binaries from the entire CC mass range.
Comparison with Smith et al. (2011)
Our results suggest that these SNe arise from higher mass stars than both the SNIIP and SNIIL, but given the low numbers, it is hard to discriminate between different scenarios. SNIb arise from moderately massive stars in both our and their mass sequences, while SNIc arise from the most massive stars. We conclude that overall our results are consistent with those of Smith et al., and their hybrid scenario of single and binary progenitors, with one major exception; the SNIIn.
Consistency with direct detections and previous results
In the introduction we outline the method of 'direct detections' for constraining SN progenitor masses. This technique affords much information on individual events, but is restricted by small number statistics. Here we compare those results with those currently presented. The only type of CC SN to be studied in a statistical sense with relation to direct detections are the SNIIP. Smartt et al. (2009) used the available progenitor mass constraints (plus upper limits) to estimate lower and upper limits for SNIIP progenitors of 8.5 and 16.5 M⊙ respectively. Here we have constrained that the majority of SNIIP arise from the low end of the CC mass range. This is completely consistent with the direct detections to date. We note that our results are completely independent of those from Smartt et al. (2009) , and hence strengthen the argument for SNIIP progenitor masses extending down to low values. Recently a number of progenitor identifications have been published for SNIIL (Elias-Rosa et al. 2010 , although the clear identification of one as a definitive IIL has been questioned by Fraser et al. 2010) . These detections appear to point towards progenitor stars above 15 M⊙, and also suggest yellow supergiant progenitors rather than the red supergiant progenitors determined for SNIIP ). Therefore, we are seeing the same trend; SNIIL have higher mass progenitors than SNIIP. A similar trend has been observed for the SNIIb. Two very close explosions have occurred with IIb spectra; SN1993J and SN2011dh. In both cases, whether one assumes a single or binary scenario, the progenitors appear to be in the 15-20 M⊙ range (Aldering et al. 1994; Maund et al. 2004; Maund et al. 2011; Van Dyk et al. 2011) . In terms of differences to the SNIIP, this appears consistent with our results; SNIIb arise from more massive stars than SNIIP (whether binary or single systems). There are neither enough direct detections, nor SNe within our samples to evaluate differences between the SNIIL and SNIIb. There has been one definitive direct detection of a SNIIn; SN2005gl (Gal-Yam et al. 2007 ). This constrained the progenitor star to be extremely massive; ∼50 M⊙. If we were to generalise to the whole SNIIn population and conclude that all SNIIn have similarly massive progenitors this result would seem very inconsistent with our environment constraints. However, SNIIn are extremely heterogenous and different events may have different origins; the evidence of interaction simply betrays the close (circum-stellar) environment into which an event explodes. Hence, it is probable that there exists multiple channels through which transients display SNIIn-type spectra. We therefore conclude that SN2005gl must be a special case 13 , and that the majority of nearby SNIIn have lower mass progenitors, as suggested by our statistics. Unfortunately we are still awaiting a direct detection of a SNIbc 13 While there have been a number of very luminous SNIIn reported in the literature, some appearing to require very massive progenitors, these are likely to be overrepresented. This is because, a) their high luminosity simply makes them easier to detect, and b) due to their brightness they are more likely to be studied in detail and hence progenitor constraints are made. (Smartt 2009 ). This lack of detection (there have been a number of upper limits) has been argued as evidence that SNIbc arise from lower mass binary systems and not single stars. However, the low number statistics, plus the uncertain nature of current modelling of WR stars (the possible progenitors of SNIbc; e.g. Gaskell et al. 1986 ) means that constraints are less reliable than for SNIIP. With a lack of information from direct detections, our work, together with that presented in Kelly et al. (2008) , appears to be the only convincing evidence that SNIbc arise from more massive progenitors than SNII. Besides our own previous work on environments, there have been a number of investigations on the positions of SNe within their host galaxies. Of particular relevance is the work published by Kelly et al. (2008) and Kelly & Kirshner (2011) . The first of these works employed a very similar pixel technique to that used by ourselves but using host galaxy g ′ -band light in place of Hα emission as a tracer of massive stars. They found similar results; the SNIc much more frequently explode on bright g ′ -band regions of their hosts, less so the SNIb and even less so the SNII. The similarity of these results is encouraging. Kelly & Kirshner (2011) also looked at colours of environments, finding that the host environments of SNIb and SNIc are intrinsically bluer than those of SNII and use this to argue further for higher mass progenitors, again consistent with the current and previous work using pixel statistics. Finally, these authors found, as we do, that the environments of SNIIn are similar to those of the overall SNII population.
Progenitor metallicity
Thus far we have not outlined the role of metallicity within our discussion of the implications and conclusions gained from our results. Increased progenitor metallicity is thought to affect the evolution of stars through increasing the metallicity dependent line driven winds and hence increasing the rate of mass loss (e.g. Puls et al. 1996; Kudritzki & Puls 2000; Mokiem et al. 2007 ). An increase in metallicity could thus increase the ability of a star to lose sufficient amounts of its outer envelope and explode as a SNIbc rather than SNII (see e.g. Heger et al. 2003; Eldridge & Tout 2004; Georgy et al. 2009 , for predictions on how the ratio of SN types changes with metallicity). Hence, the effect environment metallicity has on our NCR statistic may need to be taken into account. It has been found by many authors that SNIbc are more centrally concentrated within host galaxies than SNII (e.g. Bartunov et al. 1992; van den Bergh 1997; Tsvetkov et al. 2004; Hakobyan 2008; Boissier & Prantzos 2009; Anderson & James 2009 ). Until recently these radial differences have been almost exclusively ascribed to metallicity effects, with the central parts of galaxies being more metal rich than the outer environments (see e.g. Henry & Worthey 1999) . Therefore one may speculate that higher NCR values for SNIbc (with respect to SNII) are due to the centralisation of these events where more central SNe fall on brighter HII regions. Hence, the hypothesis would be that the relatively higher pixel values for SNIbc is actually a metallicity and not a mass effect. We rule this out on the basis of the following arguments: a) The validity of the assumption that the brightest regions of SF within galaxies are centralised is unclear. We see within our sample a huge variety of distributions of SF and this is also shown in the 3 example images displayed in Fig. 1 . We can see a clear case (that on the right) of a galaxy where the dominant Hα regions are in the spiral arms and not the central parts of the galaxy. b) Habergham et al. (2010) (also see Habergham et al. in preparation; these studies used the same sample we present here) showed that the centralisation of SNIbc is dominated by those SNe occurring within disturbed galaxies, where one observes shallower if any metallicity gradients (Kewley et al. 2010) . Therefore, even if there were some correlation between radial position and NCR value, this could not be explained by metallicity. c) In Anderson et al. (2010) , using host HII region spectroscopy of a random subset of the SNe we use for the current sample, we showed that there is no significant metallicity difference between the environments (and hence progenitors) between SNIbc and SNII. To test this hypothesis further we show in Fig. 13 a scatter plot of the Hα NCR values for SNII and SNIbc against the radial positions of each SN with respect to host galaxy R-band light (a full analysis of these radial distributions will be presented in Habergham et al. in preparation) . If this hypothesis of higher NCR values being centralised were correct, for both samples we would expect to see a clear trend of more events in both the top left and bottom right corners of the plot. While there appears to be some evidence that those SNe having NCR values of 0 are more often found in the outer regions of their hosts (the bottom right part of Fig. 13 ) this does not seem to be strong, and we see no evidence for the highest pixel counts arising from the most central regions. We conclude, through the arguments outlined above plus the distributions shown in Fig. 13 , that metallicity cannot explain our results of an increased association of SNIbc to SF with respect to SNII.
Progenitor binarity
A major debate within the SN community currently hinges on whether SNe arising from progenitor stars that have had their envelopes stripped before explosion arise from single or binary star systems. In the single star scenario (see Heger et al. 2003; Eldridge & Tout 2004; Georgy et al. 2009 for such models), stars more massive than 25-30 M⊙ lose their envelopes through strong stellar winds, the strengths of which are dependent on metallicity. In the binary scenario (see e.g. Podsiadlowski et al. 1992; Nomoto et al. 1996) progenitor masses for the SNIbc (plus SNIIb and possibly SNIIL) extend down further in mass as envelope removal is aided by binary companions. The lack of direct detections of SNIbc would seem to favour binary progenitors, but as we discuss above, thus far this is inconclusive. For at least one CC SN; 1993J, convincing evidence for a binary progenitor system has been observed ). We conclude that overall the SNIbc population has higher mass progenitor stars than SNII. However, as noted, this does not differentiate between binary or single scenarios. If one envisages an IMF from 8 to 100 M⊙ with single stars up to e.g. 25 M⊙ (generally the highest mass red giant stars; Levesque et al. 2007 ) producing SNIIP (and possibly other SNII), while stars in the full mass range that are binaries explode as SNIbc, then on average progenitors of SNIbc would still be more massive than their SNII counterparts. We speculate here that our results are consistent with SNIb arising from binaries or single stars in an intermediate mass range (above the SNIIP but below the SNIc), with the possibility that SNIc could arise from more massive binaries, very massive single stars, or a combination of both. A recent study by Eldridge et al. (2011) specifically looked at the production of CC SNe through binaries and how the initially most massive stars explode and 'kick' their lower mass companions with velocities meaning that the lower mass stars explode further away from their places of birth than their high mass companions. This is then broadly consistent with the results we find in terms of the increasing association to SF of II to Ib and finally Ic. However, we note that these models only predicted offsets of at most 100 pc from their birth place, distances that are generally not probed by the present study. A final question that can be asked in this section is whether a change in the percentage of close binaries with environment could explain our results without any need for progenitor mass differences. One may imagine that in denser environments; e.g. bright HII regions, the fraction of close binaries may differ from that in the field. However, we know of no theoretical models or observational constraints which shed light on whether this explanation is feasible, or even on the sense of any such effects. It is possible that the close binary fraction would be higher in denser regions solely because of the higher number of stars in close proximity during SF, but equally, a dense environment may prevent the formation of close binaries. If the fraction of close binaries were higher within HII regions then this could explain our result without resorting to progenitor mass differences. However, we currently see no reason to favour this interpretation over the most logical assumption that an increasing association to HII regions means higher mass progenitor stars.
CONCLUSIONS
We have presented constraints on the relative progenitor ages, and therefore implied masses of the different CC SN types, using a pixel statistics method applied to Hα and near-UV imaging of their host galaxies. Using the assumption that a higher degree of association of a population to host on-going SF means shorter lifetimes we constrained differences in the progenitor masses of CC SNe. Where distributions show a low degree of association to the line emission, we also investigated the association to a longer lived SF component; the recent SF, as traced by near-UV emission. We now list our main results and conclusions achieved with this study.
SNIbc show a much higher degree of association to the ongoing SF of their host galaxies than the SNII. Whether the main progenitor channel for the former is a single or binary scenario, this implies for both channels that SNIbc arise from shorter lived and therefore more massive progenitor stars than SNII.
Including the SNIa for comparison, we find a strong trend of increasing progenitor mass, starting with the SNIa from the lowest, through the SNII, then the SNIb, with the SNIc arising from the highest mass progenitor stars.
The SNIc show the highest degree of association of all SNe types, arguing that these SNe arise from the most massive stars that explode as visible transients. Indeed, they are seen to correlate with SF on the shortest timescales much more than the SNIb. This argues that SNIc arise from more massive stars than SNIb.
While the SNIIP do not follow the underlying distribution of the on-going host galaxy SF, these SNe do follow the distribution of recent SF as traced by near-UV emission. This result suggests that the majority of the progenitors of these SNe populate the lower mass range of massive stars that explode as CC SNe.
We find that the SNIIn show an even lesser degree of association with the on-going SF than the SNIIP. The most logical explanation for this result is that the majority of these SNe do not arise from the deaths of the most massive stars, in contradiction to several previous studies of these SNe.
